Abstract-Corpus Christi Bay (TX, USA) is a shallow wind-driven bay which experiences hypoxia (dissolved oxygen<2 mg/L) during the summer months in the southeast region of the bay. We have developed and installed real-time monitoring systems in the bay to measure various water quality, meteorological and hydrodynamic parameters. These systems can aid in determining the extent and frequency of hypoxic events in this energetic bay. A three-dimensional mechanistic dissolved oxygen model has been developed in this study to investigate the key processes that induce hypoxia in Corpus Christi (CC) Bay. This model includes variable advection and dispersion coefficients so that it can be driven by real-time monitoring hydrodynamic data. The results from model simulations indicate that hypoxia may occur at the lower depths of the bay when both stratification and higher biological activity conditions exist. The water column in the south-east part of the bay becomes stratified during calm wind conditions when there is inflow of hyper-saline water from the neighboring Laguna Madre waterbody. This condition, when combined with higher biological activity during the summer months, induces hypoxia at the lower depths of the bay. The simulation results also point out that physical transport processes have more pronounced effect on the DO distribution within the water column than the effects of biological activity. Therefore, it is necessary to develop suitable sampling strategies that will measure hydrodynamic data at greater spatial and temporal resolution. The integration of this data with our developed model will provide a useful tool to the stakeholders to assess the water quality of the bay in real time.
I. INTRODUCTION
Dissolved oxygen (DO) is an important indicator of aquatic ecosystem health. Hypoxia develops when DO concentration in the water column dips below 2 mg/l and most aerobic aquatic organisms cannot survive under this condition. According to the National Water Quality Inventory report [1] , oxygen-depleting substances in U.S. rivers, lakes and estuaries are identified as one of the five leading causes of water quality impairment in these systems. CC Bay, home to the nation's seventh largest port with numerous petrochemical facilities, suffers from hypoxia during the summer months. Ordinarily, CC Bay would not be considered a likely candidate for hypoxia because it is a shallow wind-driven bay with an expected high level of mixing with aerated-surface water. However, hypoxia was first observed in the south-east portion of this bay by Montagna and Kalke [2] in summer 1988 and has been reported every year thereafter [3] . This phenomenon has been detected in other shallow bays such as Mobile Bay in Alabama [4] and Pamlico River estuary in North Carolina [5] . Oxygen-depleted waters were found at the bottom of these bays during low-wind conditions. Hypoxia develops when oxygen sinks exceed the oxygen sources in the system. The sources of oxygen in a water body are reaeration from the atmosphere, photosynthetic oxygen production and the inflow of oxygen from neighboring waterbodies whereas the sinks are oxygen consumption through decomposition of organic matter(particulate and dissolved), respiration, oxidation of inorganic matter, outflow of oxygen into the oxygen-deficient neighboring bays, etc. Organic matter and nutrients are released into the rivers from the watershed during precipitation events and can ultimately enter the bay with freshwater flow. As the precipitation events occur randomly, the concentrations of organic matter and nutrient in the bay can vary accordingly. There are two different but not mutually exclusive hypotheses on the causes of hypoxia [6] . Many biologists and chemists think that increased nutrient concentrations in the water column yield excessive primary production in the system. After the death of these primary products, the detritus settles to the bottom of the bay, are decomposed, thus consuming oxygen. This may significantly reduce the dissolved oxygen levels in the bottom of the bay and may induce hypoxia. On the other hand, the physicists argue that inflow of freshwater into the bay creates stratification in the water column and thereby, prevents the mixing of highly aerated surface water with the bottom waters where respiration dominates. If the stratification is not interrupted by the wind events, the bottom water may not be refreshed and may become hypoxic. Texas researchers found that freshwater inflow rates into CC Bay have decreased in recent years [7] and the stratification observed in the south-east part of the bay occurs due to the inflow of highly saline water from neighboring water bodies, not from the inflow of freshwater from the Nueces River [8] . This creates an inverse estuary situation. Therefore, the complex interplay of physical and biological processes that occur in CC Bay may be different from other typical shallow bays, and so it is necessary to monitor water quality, meteorological and hydrodynamic parameters in real time to understand these processes.
Monitoring of water quality parameters and environmental indicators that influence the physical processes of hypoxia poses a challenge due to the spatial extent and dynamics associated with CC Bay. Ritter and Montagna [9] noticed that hypoxic events in CC Bay usually occur at night or during the early morning, and typically lasted on the order of hours . With the support of both state and federal funding, our research group has developed monitoring systems to measure various water quality and hydrodynamic parameters at greater spatial and temporal resolution [10] . Data collected from these systems are used to understand the processes that affect hypoxia. Due to logistics and costs involved, it is not feasible to measure all water quality parameters at extremely high spatial and temporal resolution; therefore, it is necessary to determine the key processes that control hypoxia and thereby, develop suitable monitoring schemes to capture the variation of the related parameters that will help to characterize these processes. Development of a dissolved oxygen model will help to understand the internal dynamics of the ecosystem, and thereby will assist in determining the key processes of hypoxia.
Models can vary from the empirical statistical model to the three-dimensional complex deterministic numerical model. The empirical models are simple to apply as they establish relationships among various parameters through correlating measured parameters, and do not consider the actual physical and bio-geochemical processes involved in the ecosystem. On the other hand, a complex mechanistic model considers the processes actually involved in the ecosystem and thereby aid in understanding the internal dynamics associated with the ecosystem [11] . James [12] comprehensively reviewed of the present status of deterministic water quality models and found that the most important factor that limits the progress of the operational coastal water quality model is the lack of observed data. The deployment of various monitoring systems in CC Bay provides us a unique opportunity to collect a myriad of datasets which can be used in developing a mechanistic dissolved oxygen model and thereby assists in understanding the dissolved oxygen dynamics in the bay. In this study, a three-dimensional mechanistic dissolved oxygen model was developed and the sensitivity analysis of this model was performed to determine the key processes causing hypoxia. This information will help in developing suitable sampling strategies for our monitoring system so that it can capture hypoxic events.
II. STUDY AREA
CC Bay is located on the Texas coastline and covers an area of approximately 432.9 sq. km [13] . It is connected to the Gulf of Mexico through a narrow ship channel (15 m depth), which runs from east to west. Figure 1 shows the characteristic features of the bay. It is also surrounded by four water bodies, namely Oso Bay in the southwest, Nueces Bay in the northwest, Upper Laguna Madre in the south and Redfish Bay in the northeast. Freshwater enters the bay via the Nueces River and Nueces Bay, whereas high-saline water enters the bay during summer months from the shallow Upper Laguna Madre and Oso Bay (Fig. 1) . Recently, Packery Channel, located at the southern reaches of the bay, has been opened and it is another source for the water 
III. MATERIALS AND METHODS
We have developed a monitoring system that measures various water quality, hydrodynamic and meteorological parameters at greater spatial and temporal resolution. Our monitoring system includes three observational platform types: 1) Fixed Robotic, 2) Mobile, and 3) Remote. An automated vertical profiling system installed on each fixed robotic platform moves a suite of in-situ sensors within the water column and measures various water quality parameters at five different depths. Along with this profiling system, an Acoustic Doppler Current Profiler (ADCP) and meteorological sensors are also installed at each fixed robotic platform to measure water currents and meteorological parameters, respectively. An Integrated Data Acquisition, Communication and Control (IDACC) system has been configured on our mobile platform (research vessel) for the measurement of various water quality parameters 'synchronically' over a highly-resolved spatial regime. This system can acquire and visualize data measured by submersible sensors on an undulating tow-body deployed behind the vessel. Along with the fixed robotic and mobile platforms, four high frequency (HF) radar units have been installed on our remote platforms to measure surface currents of CC Bay and its offshore area. Also periodically, we collected grab water samples at different locations (labeled A, B, C, D, E, F in Fig. 1 ) in the bay to determine bio-chemical oxygen demand (BOD). Grab water samples were chilled immediately, and processed within six hours of collection (ANALYSYS, Inc). The laboratory followed standard methods (SM 5210B) for BOD analysis and reported as 5-day BOD. Table I lists spatial BOD variation as captured during one of our routine monitoring activities in CC Bay. There was a significant amount of BOD at the Laguna Madre (sampling location F) and the area close to our platform "E". The value of BOD was undetectable or very low at the other sampling locations. This information is used to initialize and to provide boundary conditions for our model. 
IV. DESCRIPTION OF THE MODEL DEVELOPMENT
Two primary state variables considered in this model are DO and BOD. BOD is used as a surrogate to indicate the total amount of oxygen required for biochemical degradation of organic matter and oxidation of inorganic materials such as sulfides and ferrous iron. This term is derived out of convenience in the water quality model development since it is not feasible to include all the kinetics involved in the dissolved oxygen dynamics of the bay. For example, dissolved inorganic substances are converted into organic material through photosynthesis and release dissolved oxygen in the water column. This process requires nutrient such as nitrogen, phosphorus and silicate. Nitrogen is available in the water column as free nitrogen, nitrite (NO 2 -), nitrate (NO 3 -) and ammonia (NH 4 + ) whereas phosphorous is available as phosphate (PO 4 -). The availability of this nutrients control the rate of growth of organic matter. Therefore, it is necessary to quantify each component of the nutrient distribution in the bay to characterize the photosynthesis. Also, the rate of decomposition of organic matter depends on its type, size, structure etc. These are few examples of the processes involved in the dissolved oxygen dynamics of the bay, and so the use of BOD will help to quantify the total amount of oxygen consumed through the overall processes involved in the dissolved oxygen dynamics. The following differential equations are used in the model to characterize the DO-BOD kinetics involved in the bay:
Where, L is the BOD, K x ,K y and K z are the dispersion coefficients whereas u,v,w are the velocities in the x, y and z direction respectively. K a is the re-aeration coefficient, K d is the de-oxygenation rate, C is the dissolved oxygen concentration ,C s is the saturated oxygen concentration, S' B is the sediment oxygen demand, P and R the photosynthesis and respiration rate, respectively. The partial differential equations (1) and (2) will be solved through discretization into solvable equations using Thomann's finite segment method [14] . In this method, the bay is divided into a series of segments and the mass balance equation is written for each segment assuming the insignificant gradient within it. The discretized equations are then solved using fourth order Runge-Kutta method to capture the time evolution of DO and BOD dynamics in the bay.
The advective and dispersive transport of organic matter and DO are highly variable in a wind-driven shallow bay due to the stochastic nature of the wind forces. Ojo et al. [15] conducted several dye study experiments in CC Bay and found the significant variation in the spatial distribution of the dispersion coefficient within the bay. This difference in the vertical dispersion coefficient may be more pronounced during the stratified condition when there is a greater probability of the occurrence of hypoxia in the bay. Therefore, our mechanistic model is developed in such a way so that it can handle variable advection and dispersion coefficients. A staggered grid is considered in the model development, i.e., advection and dispersion are assigned at the interface of each segment whereas the concentration of state variables is calculated at the center of the segment. The data collected from our monitoring systems are used to define the computational domain, and to provide initial and boundary conditions for the model. Fig. 2 shows the salinity variation along the transect route during the cruise made with our mobile monitoring platform system on July 24, 2007. The actual cruise route is depicted on the inset plot of the figure. The route line is color-coded and correlates with the horizontal color-coding along the top and bottom of each figure, thus matching the observed data with the spatial location in the bay. Salinity levels at all depths were higher at the Upper Laguna Madre (early part of the cruise, t = 0-1300 seconds) as compared to salinity levels in CC Bay (mid and latter parts of the cruise, t = 1300-5800 seconds). It is clear from this salinity profile that a salt edge moved from the shallow Laguna Madre towards Platform "E" and there existed a significant vertical salinity gradient around this platform. Laguna Madre most probably contributes to this salinity gradient as it is one of the hypersaline estuary systems in the world [16] . Also, BOD data collected at several locations in the bay indicates that BOD concentration was high at the Laguna Madre whereas BOD concentrations were undetectable at the mouth of Oso Bay. Therefore, the characterization of the BOD-DO kinetics in the rectangular computational domain (Fig. 1 ) will help to investigate the contribution of two important processes (biological and physical transport) that may induce hypoxia at this part of the bay. The dimension of the computation domain is 21km x 4km x 4.5m.
In shallow wind-driven water bodies like CC Bay, wind may have significant effect in oxygen transfer through producing internal turbulence and thereby, may increase the re-aeration rate. Banks [17] and Banks and Herrera [18] have investigated the wind effect on re-aeration and suggested the following relationship for the determination of a wind-driven oxygen transfer coefficient (K L ):
Where U W is the wind speed (m/s) at 10 m above the water surface. The volumetric re-aeration coefficient (K a ) can then be determined by dividing K L with the depth of the surface layer. The wind speed measured at our monitoring platforms can be plugged into the model for the determination of re-aeration co-efficient. The BOD concentration at the south boundary (boundary at Laguna Madre) was held invariable with time and the vertical profile of constant BOD was determined from BOD measured at location "F". The surface boundary condition for BOD was considered as reflective whereas an adsorptive boundary condition was assigned at the bottom boundary. Therefore, BOD cannot move into/out of the domain at the surface layer whereas the BOD that settles into the bottom will stay in the sea-bed. The net exchanges of dissolved oxygen at the surface layer will be due to the re-aeration only whereas these changes at the bottom boundary will be due to sediment oxygen demand (SOD). The initial value of BOD was assigned zero everywhere at the domain whereas a saturated condition was considered as the initial condition for DO.
V. RESULTS AND DISCUSSION
The level of disturbance that hypoxia can create in this ecosystem depends on its spatial extent, frequency and duration. Understanding of the key processes that control dissolved oxygen dynamics in the bay will help to quantify these disturbances. The developed model was simulated under different conditions to examine the effects of physical and biological processes on DO distribution in the bay. The change in the biological activity in the water column can be mimicked by changing the deoxygenation rate (K d ) of BOD. The K d value depends on the temperature, types of organic material, microbial activity etc. In the summer, the K d value is higher due to higher biological activity. As an approximation, the K d value can vary in the range of 0.1~0.5/day for deeper water bodies (depths greater than 1.5m) [19] . We have simulated our model at different K d values while keeping the hydrodynamic conditions and other parameters constant to understand the biological effect on the BOD distribution in the bay. Also, SOD, which represents the total sediment oxygen consumption from biological activity and oxidation of inorganic materials, was kept constant, and the water column was simulated as un-stratified assuming the same vertical dispersion coefficient throughout the computational domain. Fig. 3(a) and fig. 3(b) shows the vertical and spatial BOD distribution (one snapshot of our simulation results) along the black dotted line (Fig.1) The physical transport processes may significantly effect the BOD distribution in the bay. CC Bay is mainly driven by the south/south-east wind during the summer time. The inflow of hypersaline water from the shallow upper Laguna Madre (<1m) produces the inverse estuary situation, and the water column at the south-east part of the bay (near platform "E") can become stratified. This phenomenon was captured by our mobile monitoring platform (Fig. 2) . Therefore, the model was simulated under different hydrodynamic conditions to understand the effect of transport processes on the BOD distribution in the bay. Two different vertical dispersion coefficients were used to simulate stratified conditions in the bay. The vertical dispersion coefficient of 1 cm^2/s was considered for the upper 3m of the water column whereas the coefficient of 0.01 cm^2/s was considered for the lower portion of the water column. Fig. 4(a) and fig. 4(b) shows the BOD distribution (one snapshot of our simulation results) under stratified conditions along the black dotted line in Fig.1 after 15 hr of simulation for longitudinal advection velocity of 10 cm/s and 30 cm/s, respectively. K d values were kept constant in both cases. It is clear from these two figures that the transport processes have significant effect on the spatial distribution of the BOD materials. Sudden changes in the vertical gradient of BOD at a level of 3m are due to the stratification effect. The advection has notable effect on the distribution of BOD materials within the bay. As the longitudinal velocity increases, the spatial extent of BOD material increases. Under normal hydrodynamic conditions in the summer, the longitudinal velocity component in our computational domain varies from 0 to 30 cm/s (calculated from data generated by our HF-radar system). Model predicts that detectable amount of BOD material will be found between Laguna Madre and our platform "E" under this hydrodynamic condition. We collected water samples to determine BOD levels on several occasions in the bay and always found the highest concentrations between Laguna Madre and platform "E". The
concentrations of BOD were undetectable at other part of the bay. Therefore, the developed model is successful in capturing the trend of BOD distribution in the bay. Stratification of water column affects the distribution of BOD and so it is expected that this process will also contribute in the DO distribution in the bay. Therefore, the developed model was simulated under stratified conditions with low biological activity (low K d and zero SOD values). Fig. 5 shows model-computed vertical DO variation under low biological activity conditions (SOD = 0 g-O 2 /m 2 .day, K d =0.1/day). The dissolved oxygen levels at the bay bottom decreased since the lower water column waters were not able to mix with higher-aerated surface waters, and oxygen was partially consumed at the lower depths due to biological activity. Although DO level was reduced at lower depths, it did not reach hypoxic conditions (DO <2 mg/L) due to the lower rate of biological activity (K d =0.1/day).
A high rate of biological activity coupled together with stratification may induce hypoxia at the bay's lower depths. Kemp et al. [20] examined the relative importance of biological and physical processes in inducing seasonal depletion of oxygen at the bottom of Chesapeake Bay and argued that these processes are coupled to each other at the bay bottom. If biological activity increases, physical transport of DO at the bottom will increase and vice-versa. The higher rate of biological activity at the bottom will consume more oxygen and thereby a vertical oxygen concentration gradient will be higher. This will increase the physical transport of DO. Although these processes may be coupled at the bottom of the bay, this may not be the case for the whole system. The dispersion coefficient can vary on the orders of magnitude in vertical direction during stratified conditions and it will limit the transfer rate of aerated surface DO water to the bottom of the bay where biological activity and oxidation of inorganic matter occur. Therefore, we have simulated our mechanistic DO model under stratified conditions while keeping the biological activity and other parameters reasonable for an estuary like CC Bay.
The following values were assumed for the simulation of the model considering both physical and biological processes: a) SOD =1.5 g O 2 /m^2/day for estuarine mud [19] , b) K d = 0.3/day. Hydrodynamic information and re-aeration rates were determined using the hydrodynamic and meteorological data measured at our monitoring platforms. Also, the water column was assumed stratified at a level of 3m from the surface. The model predicted that hypoxic condition will occur at the bottom of the bay under these conditions (Fig. 6 ). This conditions prevailed from the mouth of the Laguna Madre towards platform "E" (6~10 km). Dissolved oxygen data collected from our mobile monitoring platform (July 24, 2007 cruise) agree with this result (Fig. 7) . The dissolved oxygen levels are low (lower depth range; t = 2800-4000 sec) around our platform "E". Although the dissolved oxygen level was higher at the Laguna Madre compared to model predicted dissolved oxygen level, this might occur due to the uncertainties in the determination of the model parameters and limitation of boundary condition. The BOD was kept constant at the south boundary which might not be the actual case. The rate of biological activities (SOD and Kd) may vary spatially, spatial and temporal variation of dispersion coefficients, the model was simulated with a constant spatial dispersion coefficient (except in vertical direction) because of limited observed hydrodynamic data. Therefore, more emphasis needs to be given on the collection of hydrodynamic data with our monitoring platforms at greater spatial and temporal resolution. This will help to characterize the stratification phenomena well and thereby assist in better understanding of the hypoxia phenomenon. Also, our simulation results indicate that an hypoxic event only occurs when both biological activity and physical transport processes are favorable for this condition. Therefore, biological processes need to be better characterized through developing proper monitoring schemes. The frequency of monitoring biological processes may be less compared to that of physical transport processes as changes in the rate of biological processes appear to have less effect on dissolved oxygen dynamics. This information will help to allocate our resources efficiently and thereby, to develop efficient monitoring plans for our platforms.
VI. CONCLUSIONS
The developed three-dimensional mechanistic dissolved oxygen model is able to shed light on the processes that have significant effects on dissolved oxygen dynamics in CC Bay. Both the physical and biological processes need to be favorable for inducing hypoxic conditions in the bay. The inflow of hypersaline water from the Upper Laguna Madre produced a vertical salinity gradient along the south-east part of the bay and this gradient may prevent the mixing of aerated surface water with bottom water if wind conditions remain calm. This condition, when combined with higher biological activity in the summer months can induce hypoxia at the bottom of the bay. As physical transport processes have more pronounced effects on the dissolved oxygen distribution in the bay, it is necessary to develop suitable sampling schemes that will capture hydrodynamic condition at greater spatial and temporal resolution. Also, resources need to be allocated to investigate the actual rate of various biological processes that occur in the bay. The integration of real time monitoring data with the developed model can be used as a valuable tool for the real time assessment of water quality in the bay.
